The rupture process of a large back arc thrusting earthquake, the April 22, 1991, Valle de la Estrella, Costa Rica (M w = 7.7), earthquake, is investigated using broadband body waves and long-period surface waves. We find the source process to be relatively simple, with the source models separately obtained from body and surface waves being very consistent. The event occurred on a shallow, southwest dipping rupture plane on which most energy is released updip of the hypocentral location (10-20 km deep). High-frequency radiation appears to have been released over a relatively small source area. Our preferred model has a focal mechanism with strike 102 + 10 ø, dip 17 + 14 ø and rake 63 + 17 ø, a seismic moment of 3.8 + 1.5 x 1020 N m, and a total rupture duration of 40 + 6 s. The earthquake appears to be associated with the North Panama Deformed Belt (NPDB), a thrust and fold complex that has accommodated the oroclinal deformation of Panama. This event, along with previous large events north of Panama in 1882 and 1916, indicates that there is substantial convergence along the NPDB, marking the NPDB as a probable emerging plate boundary. It remains difficult to gauge the earthquake hazard in the region because of the tectonic complexity.
7.8) [Kanamori and Astiz, 1985; Satake, 1985] and 1964 Niigata (Mw = 7.6) [Abe, 1975; Satake and Abe, 1983] earthquakes in the Sea of Japan. The occurrence of such large back arc events is often associated with the early stages in the development of a new plate boundary. A search of the Harvard centroid moment tensor (CMT) and the Costa Rica regional network catalogues reveals that the NPDB had a low background seismicity level before the 1991 Valle de la Estrella earthquake. However, there is evidence of large historic earthquakes that may be associated with underthrusting of the Caribbean plate beneath Panama. de Pinilia and Toral [1987] and Mendoza and Nishenko [1989] have investigated a 1882 earthquake that caused extensive damage in northern Panama and was most likely located within the central or eastern part of the NPDB (the source location from Mendoza and Nishenko [ 1989] is shown in Figure 1 ). On April 24 and April 26, 1916, two major earthquakes (M s = 7.4 and 7.1 [Abe, 1981] ) occurred on the western edge of the NPDB [Kirkpatrick, 1920; Giiendel, 1986; de Pinilia and Toral, 1987] (the source locations in Figure 1 are from intensity patterns studied by de Pinilla and Total). This doublet has also been associated with thrusting motion along the NPDB [Giiendel, 1986] , and Jacob et al. [1991] report a thrust fault mechanism for the April 24, 1916, event. All of these events occurred east of the Valle de la Estrella epicenter where the thrust belt widens and probably takes up more of the regional convergent and rotational motion [Silver et al., 1990] . Montero et al. [1991a] report that the Lim6n region, north of the epicenter, had suffered earlier earthquakes in 1798, 1822, and 1953, with the 1822 event having similar damage patterns to the 1991 event (G. Suarez et al., unpublished manuscript, 1992). In this context, the event of April 1991 is particularly significant, since it indicates that the NPDB is much more active than previously acknowledged, and it gives evidence that the NPDB extends at least as far north as Lim6n. The relatively high level of seismic activity on the NPDB suggests that this region may be an emerging plate boundary. We investigate seismic waves from the 1991 event to constrain the faulting process and then discuss the tectonics further. There is an extensive ground motion data set available for this earthquake, including body wave, surface wave, geodetic (both Global Positioning System (GPS) trilateration and coastal uplift observations), and aftershock data. This allows for a study of the source rupture process over a broad range of frequencies. Figure 2 shows the locations of well-located aftershocks determined from portable seismometers deployed in the vicinity of the mainshock [Schwartz and Protti, 1991] , along with the best double-couple mechanisms from all reported centroid moment tensor solutions for events in the sequence [Dziewonski et al., 1992] . NEIC locations are shown for the mainshock and for large aftershocks in the farst 2 weeks of activity. rupture). We briefly outline below the procedures followed in obtaining these long-period source parameters and their uncertainties for this earthquake.
Summary of Surface Wave Results

Allowing
Procedure, Results, and Uncertainties
In the first-step of the surface wave inversion method, we invert the phase spectra of Rayleigh and Love waves for the best trapezoid duration. We assume a simple trapezoid source function since the long-period data are insensitive to details of the source. Our primary sensitivity is to the centroid time of in the source region it is likely that this reflects errors in the takeoff angles to the local stations; however, it is possible that the very high frequency radiation had a slightly different initial motion than what is observed teleseismically.
Results
We first perform point source inversions to constrain the hypocentral depth and focal mechanism. We invert for a range of mechanisms for a variety of fixed depths and estimate the total misfit, which is given by A = Y.(obsj-synj)2/y. obsj 2 after six iterations (i.e., with a series of six subevents for the synthetics). The summation is over the weighted P and SH waves for all stations. Unconstrained point source moment tensor inversions result in thrust mechanisms, but fail to precisely match the emergent P wave first motions, so we choose to constrain our source to a double couple mechanism. For our range of mechanisms, we keep the steeply dipping nodal plane fixed, consistent with the first motions, and vary the orientation of the fault plane. The mechanism is assumed to be constant throughout the rupture process. A point source approximation gives a reasonable fit to the data, which can be explained by the relatively confined area of the high-frequency moment release in the final finite source result, and the insensitivity of the very smooth SH waves to details within this small area. Figure 9 shows the misfit between observed and synthetic seismograms as a function of focal mechanism for different values of h o. The mechanism is expressed in terms of the strike of the fault plane. The best overall fit to the waveforms is obtained for a mechanism with •= 111%fi=16 ø,•.=72% andh o =5to 10km. However, misfit curves for different ho are generally broad, and the data can be fit nearly as well with fault planes striking between 90 ø and 120 ø. The misfit for an incorrect choice of hypocentral depth increases because of subtle interference effects, especially near the onset of the P waveforms. Figure 9 shows how well the onset of the P waves is fit for ho=10 km. The fit for ho=5 km is equally good, but it degrades both for shallower depths and for depths greater than 10 kin. Only P waves are shown since they are most sensitive to these details of the rupture process. In the smooth SH waveforms (Figure 8) , the small features of the first pulse of ground motion can not be distinguished separately.
If we allow for spatial extent of the source, either as a onedimensional line source along dip of the fault plane or a twodimensional grid on the fault plane, we find that the misfit for h o = 10 km is reduced more than for h o = 5 km (Figure 10 ). The relatively good fit for the 5 km deep point source reflects the fact that the major moment release is located updip of the hypocenter in the final finite source solution. A 10-km-deep hypocenter gives a better overall fit for a source with finite spatial dimension and still provides good fits to the onsets of the P waves. We invert for spatial distribution of moment release for both P and SH waves as well as for only P waves. Allowing for spatial propagation of the rupture with the hypocenter at 10 km depth improves the fit only slightly (6% for the best fit mechanism and six iterations) relative to a point source when both P and SH waves are used. The P waves alone, however,
give a 25% improvement in fit when a planar source is used instead of a point source (Figure 10 ). The lack of constraint for spatial distribution inversions provided by the combined P and SH inversion can be attributed to several factors. First, the onset times are determined more accurately for the P waves than for the SH waves. Second, propagation effects influence the SH waves more strongly than the P waves, such as attenuation which filters out higher frequencies. Although we cannot preclude this hypothesis, we feel the evidence discussed above suggests that the termination of the NPDB occurs in a diffuse zone of strike slip faults. Thus, the location of the Valle de la Estrella earthquake mostly like represents the northwest termination of the NPDB.
Comparison With Other Back Arc Thrusting Events
Subduction accompanied by back arc thrusting is quite rare. [1986] suggested that the area between these two major fault zones actually constitutes a separate Okhotsk plate, which makes estimation of the back arc hazard as difficult as it is along the NPDB.
We compare the Valle de la Estrella event to the welldocumented Niigata and Akita-Oki earthquakes by considering the stress drops for these three events. Approximating the ruptures by circular faults with area equal to the main slip zones gives stress drops of 6.5, 5.6, and 5.4 MPa for the Niigata, Akita-Oki, and Valle de la Estrella earthquakes, respectively (parameters for the Japan earthquakes are from Abe [ 1975] , $atake and Abe [ 1983] , and $atake [ 1985] Basin. The NPDB takes up a significant portion of the complicated convergent and rotational motions that characterize the tectonics of the region, and may be an active plate boundary at the north end of the Panama Block.
